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I n t r o d u c t i o n Heavy i o n -p e l l e t f u s i o n r e a c t o r s have become of g r e a t i n t e r e s t i n t h e l a s t few months.
A s w i t h o t h e r i n e r t i a l con£ inement concepts, e.g., l a s e rp e l l e t o r electron-beam p e l l e t r e a c t o r s , t h e plasma s t a b i l i t y problems assoc i a t e d w i t h magnetic confinement approaches can be avoided.. . It appears f e a s i b l e i n p r i n c i p l e t o g e n e r a t e and focus pulsed heavy-ion beams of s u f f i c i e n t energy c o n t e n t and power t o i g n i t e DT f u s i o n p e l l e t s .
The n e c e s s a r y a c c e l e r a t o r systems appear t o b e c l o s e r t o c u r r e n t technology t h a n t h e corresponding l a s e r systems f o r l a s e r -p e l l e t r e a c t o r s . Also, the' e f f i c i e n c y of ion-beam product i o n ( e l e c t r i c energy t o beam energy) 'should be c o n s i d e r a b l y h i g h e r t h a n f o r l a s e r beam production.
P e l l e t f u s i o n w i l l t y p i c a l l y r e l e a s e a l a r g e amount of energy, i.e., s e v e r a l g i g a j o u l e s , ( I ) i n a v e r y s h o r t time, i. e. , s e v e r a l nanoseconds. Most of t h e f u s i o n energy r e l e a s e w i l l be i n t h e form of n e u t r o n s -w h i c h w i l l g e n e r a t e deeply i n t o t h e surrounding b l a n k e t , b u t a s u b s t a n t i a l f r a c t i o n of t h e f u s i o n energy w i l l appear a s X-rays and k i n e t i c energy of t h e p e l l e t d e b r i s . T h i s p o r t i o n w i l l e s s e n t i a l l y be absorbed on t h e s u r f a c e of t h e b l a n k e t f a c i n g t h e exploding p e l l e t . Regardless of t h e energy r e l e a s e mode, t h e r a p i d l o c a l h e a t i n g poses v e r y severe shock and f a t i g u e problems f o r s o l i d b l a n k e t s t r u ct u r e s . These e f f e c t s , combined w i t h t h e i n t e n s e r a d i a t i o n damage t h a t w i l l be produced by t h e h i g h energy f u s i o n n e u t r o n s , make s o l i d s t r u c t u r e s q u i t e unatt r a c t i v e .
Wetted w a l l b l a n k e t s have been o r p e l l e t f u s i o n r e a c t o r s .
The s u r f a c e of t h e s e b l a n k e t s i s a r e l a t i v e l y t h i n f i l m of l i q u i d (e.g., l i t h i u m ) t h a t p a r t i a l l y e v a p o r a t e s when t h e X-rays and p e l l e t d e b r i s h i t . Shock, f a t igue, and r a d i a t i o n damage e f f e c t s i n t h e s o l i d s t r u c t u r e behind t h e t h i n l i q u i d s u r f a c e l a y e r w i l l remain similar t o t h e s e f o r a d r y s u r f a c e b l a n k e t , however. ~r a a s (~) h a s proposed a t h i c k , i . e . , 2. 1 meter, l i q u i d l i t h i u m b l a n k e t f o r l a s e r -p e l l e t r e a c t o r s . I n t h i s concept, termed t h e Blascon, t h e l i t h i u m flow
i s a open v o r t e x , w i t h t h e p e l l e t and l a s e r beam i n j e c t e d along t h e v o r t e x a x i s .
The l i q u i d b l a n k e t i s t h i c k enough t h a t most of t h e n e u t r o n energy i s absorbed i n t h e l i q u i d , which minimized r a d i a t i o n damage e f f e c t s i n t h e surrounding s o l i d s t r u c t u r e . Since t h e l i q u i d b l a n k e t remains i n c o n t a c t w i t h t h e o u t e r s o l i d w a l l , however, shock p r e s s u r e s due t o t h e extremely r a p i d h e a t i n g can b e propagated t o t h e s o l i d w a l l , w i t h consequent s t r u c t u r a l d e g r a d a t i o n and f a e i g u e . These e f f e c t s can be reduced i f a two-phase mixture of l i q u i d and vapor i s used i n t h e b l a n k e t ; t h i s w i l l a t t e n u a t e shock waves t o a much g r e a t e r e x t e n t t h a n a s i n g l e phase l i q u i d b l a n k e t .
A b l a n k e t which minimized t h e problems of r a d i a t i o n damage, shock, and f a t i g u e f o r p e l l e t f u s i o n r e a c t o r s i s shown i n F i g u r e 1. A t h i c k a n n u l a r l i q u i d c y l i n d e r , pouring down i n s i d e a c y l i n d r i c a l s o l i d s t r u c t u r e , forms t h e b l a s t containment f o r t h e p e l l e t explosion. The l i q u i d w a l l i s s u f f i c i e n t l y t h i c k t o absorb the major p a r t of t h e neutron energy, and i s massive e-nnilgh so t h a t any outwards v e l o c i t y imparted t o i t by t h e p e l l e t e x p l o s i o n i s small. T h i s concept, termed t h e BAM ( B o i l e r and Moderator) r e a c t o r , appears t o e s s e n t i a l l y e l i m i n a t e r a d i a t i o n and b l a s t damage t o t h e b l a n k e t , s i n c e t h e blanket is now a detached,neutron absorbing thick liquid containe'r surrounding the pellet. Liquid wall materials can be chosen so that the vapor pressure of the liquid is low enough that the propagation of the ion beam is not hindered.
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Also, liquid wall materials can be chosen that give high tritium breeding.ratios.
U
The principal remaining blanket problem appears to be the solid structure E and conductors for the magnetic guide fields for focusing the heavy-ion beam (If this turns out to be necessary).
If such a structure penetrates the liquid wall, it would be subject to radiation and blast damage. However, since its diameter and length should be small compared to the dimensions of the BAM chamber, it can probably be replaced fairly frequently without serious effects on reactor availability and cost. However, it may not be necessary to have such a permanent guide structure projecting through the liquid wall; a guide structure outside the wall might be adequate, or each pellet might incorporate its own guide method, for example.
General Features of the BAM Concept Figure 2 illustrates a typical BAM configuration. The liquid wall (e.g., Pb, flibe, or Li) is split into two zones--an inner spray zone which receives the initial impact of the pellet rays and plasma debris and degrades the fast neutron energy, and a thick, essentially continuous liquid wall which provides a high degree of attenuation of the neutron energy released by the pellet explosion. The surrounding solid structure (graphite in Figure 2 ) moderates the remaining neutrons, and the coolant (e.g., Pb, flibe, or Li) in the solid structure captures the neutrons and removes heat from the structure. 'Lhe coolant in the solid structure will usually be the same as the liquid wall. pellet explosions. With reaction chamber diameters of several meters, however, the pumping power requirements for the lead wall are an appreciable fraction (% 10%) of the reactor output, and it may be desirable to turn on the liquid. .
wall'and spray zone flow approximately one second before the pellet explosion so as to minimize pumping power. This could be done nonmechanically by using a pulsed E-M valve. For example, the liquid flow could go through a pipe with a transverse magnetic field. Flow would be interrupted by applying a pulsed DC current to electrodes; the JXB force would then oppose the flow. In effect, the. valve would be an intermittent liquid metal MHD pump, with the pump force applied opposite to the liquid.£low direc~ion. If small diameter reaction chambers are used, the interruption of'the liquid wall flow'between pellet explosions will not be needed since lead pumping power requirements will be small, even for continuous flow operation.
The third flow circuit in Figure 3 wou1.d cont.rnl an intermittent-phased liquid flow from the top of the reaction chamber and would serve as a possible end closure option. The annular liquid wall protects the sides of the reaction chamber; however, the optimum length of the liquid wall will probably be approximately twice the'diameter of the chamber. Using a much longer cylinder would i n c r e a s e pumping power l o s s e s , and would a l s o r e q u i r e f e e d from a n e x c e s s i v e number of l e v e l s i n t h e s i d e w a l l of t h e r e a c t i o n chamber.
[The designs d i s c u s s e d l a t e r , w i t h a r e a c t i o n chamber h e i g h t of 1 0 meters, w i l l probably r e q u i r e feed from 3 o r 4 l e v e l s t o e n s u r e t h a t t h e t h i c k n e s s v a r i a t i o n of t h e l i q u i d w a l l s t a y s w i t h i n a c c e p t a b l e l i m i t s (e.g., + 20% of t h e average).
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I f t h e h e i g h t of t h e chamber were t o f u r t h e r i n c r e a s e , t h e number of necessary feed l e v e l s would i n c r e a s e . ] Assuming a h e i g h t diameter r a t i o of 211 f o r t h e r e a c t i o n chamber and p e l l e t e x p l o s i o n s a t midplane, t h e f l u x e s of X-rays, p e l l e t d e b r i s , and n e u t r o n s a t t h e ends w i l l be approximately a f a c t o r of 4 l e s s t h a n t h e f l u x a t t h e midplane s i d e w a l l . Even s o , however, t h e reduced f l u x e s w i l l probably s t i l l be too h i g h t o be a b l e t o cope w i t h s o l i d s t r u c t u r e s a t t h e ends of t h e r e a c t i o n chamber.
It appears r e l a t i v e l y simple t o c l o s e t h e t o p and bottom of t h e l i q u i d
w a l l a n n u l a r c y l i n d e r , however, s o t h a t t h e p e l l e t e x p l o s i o n i s completely contained by a t h i c k l i q u i d s h e l l . One method i s t o m a g n e t i c a l l y a c c e l e r a t e t h e ends of t h e f a l l i n g l i q u i d w a l l r a d i a l l y inwards ( i . e . , towards t h e a x i s of t h e a n n u l a r l i q u i d c y l i n d e r ) s h o r t l y b e f o r e t h e p e l l e t explosion. A s t h e l i q u i d s h e e t i s pinched c l o s e d a t i t s t o p and bottom, t h e p e l l e t i s s h o t i n and then i g n i t e d by t h e heavy-ion beam. For sample., a 25 kG pulsed magnetic f i e l d g e n e r a t e s an e q u i v a l e n t inwards p r e s s u r e of % 25 atmospheres on t h e o u t e r sur- bottom of the reaction chamber will then be effectively plugged by two thick discontinuous spray zones which absorb the impact of the X-rays and pellet debris as well as most of the incident neutron energy. There will be a clear zone approximately 8 meters high between these'spray zones into which the pellet is injected just prior to its explosion. Table 1 compares the relative advantages and disadvantages of the two end closure options. Both seem practical--the magnetic closure method i s probably.
somek7hat simpler technically, provided that stray magnetic fields do not affect ion-beam focusing. Detailed system studies will probably be necessary to decide which method is better. For purposes of this study, however, we are primarily interested in the overall average response nf the liquid wall sheet to a range of parametric operating conditions rather than a detailed respnnse for a particular design. From this standpoint, either closure option will give essentially the same results.
An idealized model for the liquid wall response to the pellet explosion has been constructed. In this model the following sequence occurs:
The p e l l e t d e b r i s and X-rays impact on t h e s u r f a c e s of t h e drops i n t h e i n n e r s p r a y zone t h a t d i r e c t l y see t h e p e l l e t (The d e b r i s and X-rays are assumed t o t r a v e l i n l i n e s of s i g h t from t h e p e l l e t t o t h e d r o p s ) . The deposi-

C,
t i o n of t h e X-rays and d e b r i s w i l l , be complete a f t e r a few microseconds. A l l of t h e momentum of t h e p e l l e t d e b r i s i s t r a n s f e r r e d t o t h e i n n e r l a y e r of drops; t h e s e s t a r t t o move r a d i a l l y outwards, t r a n s f e r r i n g some momentum t o a d j a c e n t drops through c o l l i s i o n s . Eventually, a l l t h e drops i n t h e i n n e r s p r a y zone c o l l i d e w i t h t h e continuous l i q u i d w a l l and a l l of t h e outwards momentum absorbed f r o n t h e p e l l e t d e b r i s i s t r a n s f e r r e d t o t h e l i q u i d w a l l .
. The energy absorbed by t h e i n n e r drops from t h e p e l l e t d e b r i s and Xr a y s i s assumed t o be d e p o s i t e d on t h e s u r f a c e s of t h e drops t h a t d i r e c t l y see t h e exploding p e l l e t . A l l of t h i s energy i s assumed t o r e s u l t i n v a p o r i z a t i o n of some f r a c t i o n of t h e drops. F u r t h e r , t h e predominant d i r e c t i o n of motion of t h e r e s u l t i n g vapor i s assumed t o be r a d i a l l y inwards, i . e . , towards t h e a x i s of t h e a n n u l a r l i q u i d c y l i n d e r . The inward momentum of t h e vapor c r e a t e d by t h e a b s o r b t i o n of t h e p e l l e t d e b r i s and X-ray energy i n t h e l i q u i d drops i s assumed t o be balanced by an outward momentum of t h e unvaporized l i q u i d drops. A s b e f o r e , t h i s outward momentum of t h e drops i s assumed t o b e t r a n s f e r r e d t o t h e l l q u i d w a l l when t h e y c o l l i d e w i t h i t .
. The e f f e c t of r a p i d neutron h e a t i n g i n t h e l i q u i d w a l l on i t s expansion v e l o c i t y i s n o t considered i n t h i s s t u d y . This e f f e c t w i l l depend on t h e amount of n e u t r o n moderation i n t h e p e l l e t , t h e neutron slowing down time i n t h e w a l l , t h e w a l l d e n s i t y , and t h e degree of d i s c o n t i n u i t y i n t h e l i q u i d ' w a l l .
A continuous l i q u i d w a l l w i t h i n t e r n a l neutron h e a t i n g w i l l have a n induced l i q u i d v e l o c i t y due t o thermal expansion of t h e l i q u i d . The i n n e r l i q u i d s u r f a c e ( i . e . , f a c i n g t h e p e l l e t ) would expand r a d i a l l y inwards, w h i l e t h e outer surface would expand radially outwards. If the inner liquid wall is discontinuous, i.e., a spray zone to condense vapor, it appears that the velocity induced by neutron heating should be reasonable,since most of the neutron energy will be deposited in the first 10 cm of the wall. If the % outwards velocity from neutron heating should prove too high with a continuous outer liquid wall, it will be necessary to use a fully discontinuous dense spray zone for the entire liquid wall. This probably would increase.the reaction chamber radius by 20-30%, which should not significantly affect overall unit power cost. With drop sizes on the order of one cm in a dense spray wall, the neutron induced expansion velocity on the outer surface of the liquid wall would be a few centimeters per second. Detailed analysis .
of this effect will require knowledge of the energy spectrum of neutrons from the exploding pellet.
.
The vapor created inside the annular liquid wall cylinder, which is assumed to be effectively closed at both ends, e x e r t s a pressure on the liquid wall and expands it outwards. The momentum of the liquid wall increases with time until the vapor recondenses. The pressure exerted by the vapor on the liquid wall is assumed to be determined by the amount of liquid vaporized (all of the pellet debris and X-ray energy is a h s n r h~d to create vapor) and thc total volume inside the liquid wall shell. (The liquid drop surface temperature is assumed to be at a value that corresponds to the saturation temperature of the vapor at given pressure.) This idealization probably considerably overestimates the effect on the outwards expansion of the liquid wall, since there will be a strong pressure gradient between the inner layer of liquid drops and the inner surface of the continuous liquid wall due to recondensation of the vapor as it works its way through the liquid drop spray zone. If all vapor recondenses b e f o r e r e a c h i n g t h e continuous l i q u i d w a l l , . t h e outward expansion r e s u l t i n g from t h e trapped vapor wouid be much s m a l l e r . With r e l a t i v e l y t h i c k and dense l i q u i d s p r a y zones, i . e . , 5 o r more cm a t t h e e q u i v a l e n t of 100% d e n s i t y , t h i s c o n d i t i o n appears t o be q u i t e l i k e l y . A t t h i s p o i n t , however, i t appears adv i s a b l e t o be c o n s e r v a t i v e , s o t h e p a r a m e t r i c a n a l y s e s i n t h i s s t u d y assume t h a t t h e i n n e r l i q u i d w a l l i s s u b j e c t e d t o t h e f u l l p r e s s u r e of t h e vaporized l i q u i d .
The vapor i s assumed t o condense i n a c h a r a c t e r i s t i c t i m e , A t w , E s t imates of condensation time can be made on t h e b a s i s of t h e t o t a l s u r f a c e a r e a (drop and l i q u i d w a l l ) exposed t o t h e vapor, and t h e time dependent temperature p r o f i l e i n drops suddenly s u b j e c t e d t o a . v a p o r a t temperature Tv. When t h e s e n s i b l e h e a t d e p o s i t e d i n t h e drops by t h e condensing vapor e q u a l s t h e i n it i a l a r a u n t of absorbed energy, i . e . , t h e energy of t h e p e l l e t d e b r i s and X-rays,
t h e vapor i s assumed t o be completely condensed. However, a n a l y s e s show t h a t even f o r r e l a t i v e l y t h i n s p r a y zones, t h e .recondensation time i s v e r y s h o r t , i.e., much l e s s t h a n a m i l l i s e c o n d . A nominal condensation time of 2 m i l l i s e c o n d s i s used i n t h e p a r a m e t r i c a n a l y s e s d e s c r i b e d i n tliis r e p o r t , which a l s o o v e r e s t i m a t e s t h e e f f e c t s of t h e vapor on t h e outwards expansion of t h e l i q u i d w a l l .
The model t h u s y i e l d s t h r e e outward v e l o c i t y components f o r t h e l i q u i d
w a l l (Table 2 ) r e s u l t i n g from: 1 ) a b s o r p t i o n of p e l l e t d e b r i s momentum, 2) react i o n momentum from vapor produced by a b s o r p t i o n of p e l l e t d e b r i s and X-ray energy ( r o c k e t e f f e c t ) , and 3 ) momentum a c q u i r e d when t h e trapped vapor causes t h e l i q u i d w a l l t o expand outwards. F i g u r e 4 shows a n i d e a l i z e d p i c t u r e of t h e v e l o c i t y of t h e l i q u i d w a l l a s a f u n c t i o n of time a f t e r t h e p e l l e t explosion. Table 4 d e f i n e s t h e symbols used i n t h e model.
Table 3 shows t h e e x p r e s s i o n s f o r t h e t h r e e v e l o c i t y c'omponents d e r i v e d from t h e i d e a l i z e d model, and
The t o t a l mass of t h e l i q u i d w a l l i s used i n t h e a n a l y s e s , and t h e computed v e l o c i t i e s a r e averaged over t h e s u r f a c e of t h e l i q u i d w a l l . Local v a l u e s probably exceed t h e average by a t most a f a c t o r of two (LID of t h e l i q u i d w a l l c y l i n d e r i s t y p i c a l l y 211).
The vapor condensation model assumes t h a t f u l l vapor p r e s s u r e a c t s on t h e i n n e r s u r f a c e of t h e l i q u i d w a l l f o r a time A t and then i s z e r o f o r t > A t .
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W A s d i s c u s s e d p r e v i o u s l y , t h i s probably c o n s i d e r a b l y o v e r e s t i m a t e s t h e e f f e c t of t h e generated vapor on t h e outwards expansion of t h e l i q u i d w a l l . E f f e c t s of P e l l e t Explosion on Liquid Wall
The exploding p e l l e t imparts an outwards v e l o c i t y t o t h e l i q u i d w a l l .
The expanding l i q u i d s h~l l e v e n t u a l l y s t r i k e s t h e surrounding s o l i d s t r u c t u r e s o t h a t t h e expansion v e l o c i t y must be l i m i t e d t o a few meters p e r second.
There w i l l be no damage t o t h e l i q u i d w a l l from e i t h e r r a d i a t i o n o r b l a s t e f f e c t s , and damage t o t h e surrounding s t r u c t u r e should be minimal. The l i q u i d w a l l flow has t o be r e -e s t a b l i s h e d a f t e r t h e e x p l o s i o n , however. This s t u d y a s s l l m p s a t h r e e second i n t e r v a l between p e l l e t e x p l o s i o n s i n a given r e a c t o r chamber ( t h e r e may be s e v e r a l chambers p e r a c c e l e r a t o r ) , which corresponds t o t h r e e I r e e -f a l l r r a n s l t times of t h e J-iquid w a l l . Pumpout of noncondensible d e b r i s from t h e p e l l e t e x p l o s i o n (He and perhaps unburned D and T) should be complete i n t h r e e seconds. 
o r r , it has been e s t i m a t e d t h a t t h e i o n beam can
-10 -probably t r a v e l % 10 meters b e f o r e i t n e u t r a l i z e d .
I n t h e r e a c t o r chambers considered i n t h i s s t u d y t h e beam t r a v e l s % 3 meters from t h e s o l i d s t r u c t u r e
-3 boundary t o h i t t h e p e l l e t , and 10 Torr i s probably an a c c e p t a b l e v a l u e of bably overestimated s i n c e t h e vapor should condense f a s t e r t h a n i n d i c a t e d , and i t should n o t e x e r t i t s f u l l f o r c e on t h e l i q u i d w a l l , a s assumed i n t h e model.
The
'
p e l l e t y i e l d s i n c e V << (V V ) , and V and V a r e 1 i n e a r . w i t h y i e l d . F i g u r e 6 1 2' 3 2
. 3
shows t h e dependence of V on p e l l e t y i e l d f o r l i t h i u m , f l i b e , and l e a d . Lith-
p o t e n t i a 1 damage t o t h e surroundi n g s o l i d s t r u c t u r e when t h e l i q u i d impacts on i t . F i g u r e 7 shows t h e k i n e t i c
energy i n k i l o j o u l e s / m f o r t h e t h r e e c a n d i d a t e w a l l m a t e r i a l s . Lithium h a s a much g r e a t e r k i n e t i c energy t h a n f l i b e o r l e a d because of i t s much h i g h e r ex-
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pansion v e l o c i t y . For l i t h i u m , a k i n e t i c energy of 1Q k i l o~o u l e s / m corresponds t o a f a l l d i s t a n c e of only 2 meters. Thus, the k i n e t i c energy impacted by t h e e x p l u s i o n t o t h e outwardly expanding l i t h i u m , f l . i . h~. , nr 
Lead, walls. is m s h SARR t h a n t h e k i n e t i c energy a c q u i r e d a s i t f a l l s from t h e i n l e t s a t t h e top of t h e r e a c t i o n chamber. Damage t o t h e surrounding s o l i d s t r u c t u r e caused by impact of t h e expanding l i q u i d w a l l should be n e g l i g i b l e even for p e l l e t y i e l d s of 1 0 g i g a j o u l e s (lo1' J o u l e s ) .
F i g u r e s 8 -11 show t h e e f f e c t s of a range of r e a c t o r and p e l l e t parameters on BAM r e a c t o r performance f o r a l i q u i d l e a d w a l l of 0.5 meter thickn e s s and p e l l e t y i e l d s from 0 -10 g i g a j o u l e s . The mass of t h e p e l l e t (Figure
8) h a s r e l a t i v e l y l i t t l e e f f e c t on t h e expansion v e l o c i t y of t h e l i q u i d w a l l over t h e range of 3 grams t o 3 kilograms. T h i s is a r e s u l t of t h e v e r y s m a l l momentum c a r r i e d by t h e p e l l e t d e b r i s . It seems u n l i k e l y t h a t p e l l e t s would
-12 -exceed 3 kg in weight so that the design of the BAM reactor chamber should not be significantly affected by the'mass of the pellet.
The degree of neutron moderation in the pellet has a greater effect ! .
on reactor performance. Figure 9 shows the effect on expansion velocity for the maximum possible range of neutron moderation in the DT pellet, from the extreme of no moderation (f = 0.175, which accounts only for energy in a P particles from the fusion reactions) to complete moderation (f = 1.0).
Even P with complete neutron moderation, which probably will not occur, the expansion velocity of the lead liquid wall is relatively low, i.e., 4.5 meterslsecond, at 10 gigajoules yield. This would be reduced substantially if more realistic estimates of the vapor condensation time were used. It thus appears that the reactor chamber design, though it will be somewhat affected by the degree of neutron moderation in the pellet, will not be significantly altered. For this. study the nominal value for the fraction of energy released as debris and X-ray energy is taken as 113.
(1) Figure 10 shows the effect of vapor condensation time on expansion velocity for the range of condensation times from 0 -10 milliseconds. Reducing the condensation time to 0 milliseconds roughly cuts the expansion velocity in half, while increasing it to 10 milliseconds essentially triples it. Long condensation times, on.the order of 10 milliseconds or greater, would have a significant effect on expansion velocity and chamber design.,. However, it appears very unlikely that such long condensation times will occur. The next section of this study examines the question of condensation time, and concludes that in fact the vapor probably will condense in a shorter.period than 2 milliseconds rather than a longer period. Figure 11 shows the effect of chamber size on the expansion velocity of the lead liquid wall for the range or pellet yields from O -10 gigajoules.
Chamber s i z e s l a r g e r t h a n t h e nominal one, 2.5 meter r a d i u s and 10 m l e n g t h , 
do n o t appear n e c e s s a r y s i n c e t h e l i q u i d w a l l expansion v e l o c i t y i s s m a l l f o r t h e nominal s i z e chamber. Smaller chambers y i e l d h i g h e r expansion v e l o c i t i e
The c a p i t a l c o s t of a BAM f u s i o n r e a c t o r should be r e l a t i v e l y i n s e n s i t i v e t o t h e s i z e of t h e l i q u i d w a l l chamber f o r t h e range of dimensions cons i d e r e d i n t h i s study. The chamber i s r e l a t i v e l y simple; a s w i t h most magnetic f u s i o n r e a c t o r d e s i g n s , t h e balance of p l a n t c o s t w i l l predominate, which w i l l i n c l u d e t h e c o s t of t h e a c c e l e r a t o r , p i p i n g , flow r e s e r v o i r s , h e a t exchangers, t u r b i n e -g e n e r a t o r s , containment, and s w i t c h g e a r , e t c . The s o l i d s t r u c t u r e f o r
a 2.5 m r a d i u s , 1 0 m long l i q u i d w a l l chamber should be a r e l a t i v e l y minor p a r t of t h e whole p l a n t . Thus, t h e r e does n o t seem t o b e a marked i n c e n t i v e t o p r e s s f o r s m a l l e r r e a c t i o n chambers, e x c e p t f o r t h e purpose of minimizing pumping power f o r t h e f a l l i n g l i q u i d w a l l . T h i s p o i n t i s d i s c u s s e d i n more d e t a i l i n a l a t e r s e c t i o n , There may b e i n c e n t i v e f o r s m a l l e r chambers i f l e a d i s used t o reduce r e c i r c u l a t i n g power t o t h e l i q u i d w a l l pumps.
Condensation of Vapor Produced by P e l l e t Explosions The vapor produced by t h e p e l l e t e x p l o s i o n appears t o be r e s p o n s i b l e f o r t h e major p o r t i o n of t h e outwards v e l o c i t y of t h e l i q u i d w a l l a f t e r a p e l l e t explosion. A s d i s c u s s e d p r e v i o u s l y , t h e vapor w i l l s t a r t t o recondense on t h e
c o l d e r drops i n t h e i n n e r s p r a y zone. It i s assumed t h a t t h e noncondensible gas p o r t i o n ( e . g . , He, D , T J of t h e p e l l e t d e b r i s i s s m a l l enough t h a t condensation i s n o t hindered by mass t r a n s f e r through a gas f i l m around t h e drops. A g mole of noncondensible g a s e s , f o r example, would r e s u l t i n a non-3 condensible gas d e n s i t y of % 5 x 1015 molecules/cm , which corresponds t o a mean f r e e p a t h of % 2 m i l l i m e t e r s . T h i s would n o t appear t o s i g n i f i c a n t l y
h i n d e r t h e vapor condensation r a t e i n t h e l i q u i d d r o p s ; t h e mean f r e e p a t h f o r c o l l i s i o n s between atoms of t h e condensible vapor w i l l b e t h r e e o r d e r s of magnitide s m a l l e r .
The r a t e of condensation i s assumed t o be p r i n c i p a l l y determined by t h e ' a v a i l a b l e s u r f a c e a r e a and thermal c o n d u c t i v i t y of t h e drops. I n t e r m s of i n t e r n a l temperature p r o f i l e , t h e drops should be e q u i v a l e n t t o f l a t p l a n a r s u rf a c e s . Condensation w i l l be e s s e n t i a l l y complete when t h e t h i c k n e s s of t h e zone of a p p r e c i a b l e temperature r i s e i s s t i l l o n l y a s m a l l f r a c t i o n of drop r a d i u s .
Figure 12 shows t h e teluperaLuit: p r o f i l e ( s o l i d l i n e ) as o f u n c t i o n of d e p t h from t h e s u r f a c e of t h e drop i n u n i t s of 2 ( a t ) ' (I'where ( a ) i s t h e rherma1 d i f f u s i v i t y i n t h e l i q u i d drop and ( t ) i s t h e time a f t e r condensation s t a r t s .
The h e a t t r a n s f e r c o e f f i c i e n t f o r t h e condensing vapor i s assumed t o be i n f i n i t e . The temperature p r o f i l e i s assumed t o be l i n e a r from t h e s u r f a c e P of t h e drop (x*= 0 ) t o a depth (x**=2 ( a t ) 2).
The e r r o r introduced by t h i s approximation is r e l a t i v e l y small. When t h e s e n s i b l e h e a t accumulated i n t h i s l i n e a r temperature zone e q u a l s t h e o r i g i n a l thermal energy i n t h e p e l l e t d e b r i s and X-rays, t h e vapor is considered t o be completely condensed. The neutron energy i s d e p o s i t e d deep i n s i d e t h e l i q u i d w a l l , and t h e l o c a l temperature inc r e a s e t h a t i t c a u s e s i s n e g l i g i b l e ( i . e . , a few t e n s of OK) compared t o t h e
l o c a l r i s e caused by vapor condensation i n t h e i n n e r s p r a y zone. Table 7 summarizes t h e e q u a t i o n s r e l a t i n g vapor condensation time t o drop a r e a , p e l l e t y i e l d , and thermal c o n d u c t i v i t y .
It i s assumed t h a t t h e vapor remains a t a c o n s t a n t s a t u r a t i o n temperature (T ) d u r i n g t h e condensation prov 0 c e s s . A s t h e vapor 'condenses, t h e s a t u r a t i o n temperature w i l l drop, b u t t h e
change i s r e l a t i v e l y s m a l l even a f t e r most (e.g., 90%) of t h e vapor has con-
densed. For purposes of t h i s s t u d y , we assume t h e i n i t i a l vapor s a t u r a t i o n
temperature t o be % 3000°K, which corresponds t o a vapor p r e s s u r e of 35 atmospheres. 
F i g u r e 1 3 shows t h e drop s u r f a c e a r e a (exposed a s an e q u i v a l e n t t h i c k n e s s of 0.8 cm diameter drops a t 100% d e n s i t y f a c t o r ) r e q u i r e d t o f u l
The nominal v a l u e of 2 m i l l i s e c o n d s used i n t h i s s t u d y t h u s appears t o be q u i t e conservative. Since t h e vapor thermal speed i s on t h e o r d e r of 500 m e t e r s l s e c , i t is l i k e l y t h a t condensation time w i l l be l i m i t e d more by c o n s i d e r a t i o n s of
vapor flow through t h e s p r a y t h a n conductive heat t r a n s f e r i n the drops. T h i~ s u g g e s t s t h a t t h e r e probably w i l l be a s t r o n g p r e s s u r e g r a d i e n t through t h e s p r a y zone, w i t h a low p r e s s u r e of vapor a t t h e s u r f a c e of t h e continuous l i q u i d w a l l . The drops w i l l be a c c e l e r a t e d towards t h e l i q u i d w a l l , b u t can only move a short distance during the condensation process. They will eventually transfer their acquired momentum to the continuous liquid wall by collisions. However, the drag coefficient of the drop should be low, on the order of 0.1.
Accordingly, the momentum acquired by the drops and transferred to the liquid wall should result in a much lower V component than if the vapor exerted its 3 full pressure on the continuous liquid wall.
Tritium Breeding and Energy Absorption in the Liquid Wall Blanket'
One-dimensional cylindrical neutron and gamma transport survey calculations were carried out for a range of liquid blanket designs using the ANISN code. A PoS4 approximation and ENDFIB-IV cross-sections were used to determine neutron fluxes, neutron heating, and tritium breeding ratios using a 100 group structure; gamma heating claculations used a 21 group structure.
The source neutrons were assumed to be at 14 MeV, with no moderation in the pellet, and the source was assumed to be a line (1 cm diameter) along the axis of the infinitely long one-dimensional cylindrical blanket. Dimensions of the blanket for the neutronics calculations correspond to the value at the midplane of the BAM reaction chamber, where the pellet explosion is assumed,to occur.
The effect of a range of blanket parameters was examined, i.e., liquid wall thickness, solid structure thickness behind the liquid wall (a graphite solid structure was assumed, with a liquid coolant volume fraction of 4% in the graphite), and for lead liquid walls, the concentration of ~i~ in lead.
Only ~i~ was assumed to be effective in the analysis; the actual Li concentration G can be calculated once the Li 1~1~ ratio is specified. A constant gap of 10 cm between the liquid wall and graphite structure was assumed.
and f l i b e l i q u i d w a l l b l a n k e t s of v a r y i n g t h i c k n e s s e s . The g r a p h i t e t h i c k n e s s is taken t o b e 0.5 m e t e r s f o r t h e l e a d and f l i b e b l a n k e t s and 0.3 meters f o r .
t h e l i t h i u m b l a n k e t .
Lead w a l l s have t h e h i g h e s t breeding r a t i o , r e a c h i n g a maximum of 2.3 a t a w a l l t h i c k n e s s of QJ 30 cm. Lithium a l s o h a s a high breeding r a t i o , approachi n g 2.0, w h i l e f l i b e has a r e l a t i v e l y low breeding r a t i o , i . e . , % 1.3. I f t h e 14 MeV n e u t r o n s a r e s t r o n g l y moderated i n t h e p e l l e t , t h e breeding r a t i o i n f l i b e might drop below 1.0.
6
The breedfng r a t i o f o r t h e l e a d w a l l is a f f e c t e d by t h e Pb/Li r a t i o .
F i g u r e 15 shows t h e e f f e c t of l e a d w a l l t h i c k n e s s and L i c o n c e n t r a t i o n on t h e t r i t i u m breeding r a t i o , w i t h a g r a p h i t e t h i c k n e s s of 0.5 meter. The breed-i n g r a t i o drops w i t h d e c r e a s i n g L i c o n c e n t r a t i o n , b u t i s s t i l l q u i t e h i g h 6
6 (QJ 1.6) a t a L i c o n c e t r a t i o n of 0.02%. F u r t h e r r e d u c t i o n s i n L i concentrat i o n can b r i n g t h e t r i t i u m breeding r a t i o t o any d e s i r e d v a l u e below 1.6. F i g u r e 1 6 shows t h e t r i t i u m breeding r a t i o for l i q u i d l e a d wal.ls a s a fiinr-6 t i o n of l e a d t h i c k n e s s and L i c o n c e n t r a t i o n , with a t h i n n e r (n.? m) p,raphi.te zone o u t s i d e t h e l i q u i d l e a d w a l l , The breeding r a t i o i s lower by QJ 0.3 w i t h t h e t h i n n e r g r a p h i t e zone. T h i s i s a r e s u l t of reduced n e u t r o n moderation and i n c r e a s e d leakage l o s s e s .
F i g u r e 17 shows t h e f r a c t i o n of f u s i o n energy absorbed by t h e l i q u i d i n ~11e l l q u i d w a l l and t h e accompanying l i q u i d c o o l a n t i n t h e 50 cm t h i c k g r a p h i t e zone behind t h e wall. With 50 cm t h i c k l e a d and f l i b e l i q u i d w a l l s , o n l y about 2% of t h e f u s i o n energy i s absorbed i n t h e g r a p h i t e s t r u c t u r e ; a somewhat t h i c k e r l i t h i u m w a l l , % 80 cm, i s n e c e s s a r y t o reduce f u s i o n a b s o r p t i o n energy i n t h e solid structure to the same level. This corresponds to an average absorption 
Summary and Conclusions
Thick l i q u i d w a l l b l a n k e t s appear t o be of g r e a t promise f o r heavy i o n p e l l e t f u s i c n r e a c t o r s . They avoid t h e s e v e r e problems of i n t e n s e r a d i a t i o n and b l a s t damage t h a t would be encountered w i t h s o l i d b l a n k e t s t r u c t u r e s . The l i q u i d w a l l m a t e r i a l can be chosen s o t h a t i t s vapor p r e s s u r e a t t h e working temperature of t h e power c y c l e i s w e l l below t h e v a l u e a t which i t might i n t e rf e r e w i t h the propagation of t h e heavy i o n beam. The l i q u i d w a l l can be arranged so t h a t i t does n o t c o n t a c t any surrounding s o l i d s t r u c t u r e when t h e p e l l e t e x p l o s i o n occurs, i n c l u d i n g t h e ends. The ends can be magnetically c l o s e d j u s t b e f o r e t h e p e l l e t e x p l o s i o n , o r a time phased flow can be used, which w i l l l e a v e a c l e a r c e n t r a l zone i n t o which t h e p e l l e t i s i n j e c t e d .
Parametric a n a l y s e s comparing t h r e e c a n d A number of important g e n e r a l c o n c l u s i o n s emerged from t h e p a r a m e t r i c a n a l y s i s :
. Lead has a much lower expansion v e l o c i t y and k i n e t i c energy f o l l o w i n g a p e l l e t explosion t h a n l i t h i u m o r f l i b e does.
. Lead l i q u i d w a l l r e a c t o r chambers can be much s m a l l e r t h a n l i t h i u m o r f l i b e f o r a given pel1e.t y i e l d .
. . A r e l a t i v e l y t h i n ( i n t h e o r d e r of 10 cm) i n n e r s p r a y zone of small drops (% 0.5 cm i n diameter) should r e s u l t i n v e r y r a p i d condenda- . T r i t i u m breeding r a t i o s a r e h i g h e s t f o r l e a d w a l l s and s u b s t a n t i a l l y exc.ee.d 2 . With lithium w a l l s , t h e breeding r a t i o approaches 2, b u t w i t h f l i b e w a l l s i t i s r e l a t i v e l y low, i . e . , % 1.25.
. Almost a l l , i . e . , %98%, of t h e f u s i o n energy r e l e a s e i s produced d i r e c t l y i n t h e l i q u i d w a l l o r on t h e c o o l a n t t h a t c i r c u l a t e s through the graphite structure behind the liquid wall for a liquid wall thickness of % 0.5 meter.
. If thick liquid walls are desired to minimize radiation damage to surrounding solid structures, only with lead walls can the tritium breeding ratio be adjusted to any desired value by changing the Li 6 concentration in lead. Lithium and flibe walls will breed considerably more tritium than is needed to run the reactor, and the surplus tritium 3 produced will have to be stored for long periods until it decays to He .
. Pumping power requirements for the lithium and flibe walls are very sfnall, but become appreciable, i.e., 10% of power output'for lead walls if the reaction chamber is larger and the pellet yield is small (< 4 GJ).
Pumping power requirements for lead walls can be reduced by-using full flow only when a pellet explosion is about.to occur. 
I D E A L I Z E D EXPANSION OF LIQUID WALL A F T E R P E L L E T EXPLOSION
A
